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b ASSTRACT

Knowledge-based production systems, which are based on
Artificial Intelligence concepts, offer distinct advantages

in the representation, analysis, and correlation of

information in certain problem areas. This thesis presents a

detailed design and implementation of a prototype

knowledge-based production system which interprets

information from unattended ground sensors. Background,

rationale, system objectives and system structure are

discussed. Representation of knowledge and the program

control structure are emphasized. Finally, the details of

implementation and a discussion of the results obtained are

presented.
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I.

I. INTRODUCTION

The ability to collect and transmit information has

multiplied several-fold in recent years, in large part due

to the advent of the microprocessor ar.d advanced

communications technology. This leap in capability has made

combat intellip.ence and combat information rore accessable

to every level of command. The abundance of information

available makes it technically possible for any unit

commander to acquire information concerninp- the status of

friendly as well as hostile forces within his area of

influence. To exploit this new capability, howaver, it

becomes necessary to develop the means to correlate this

information in a meaningful way. By meaningful. it is mpar.t

that the essential elements must be culled from the larger

body of information, that they be extracted in a timely

manner so that the information produced is relevant, and

that the information b% presented to the user in a manner

that be can understand and act upon. As more ar.d rore

information becomes available at every level, this

capability for effective correlation becomes increasin-ly

important.

This thesis represents a limited attempt to investigatp

and act upon this problem of correlation of information. The

nature of the problem itself seems to b e nertinent to the

3;z&Oi'



entire military hierarchy, varyinz only in the scope,

context, and the depree of correlation required to produce ?

useful inforration. It was desirable to limit the

investiration to an area where any results produced would be

meaningful, and where the information needed to conduct the

effort would be readily available. After some investipation.

the target of the research and immplementation effort was

chosen to be a subset of the Marine Corps ;ro:nd sensor

Drogram.

The United States Marine Corps currently possesses the

capability to acquire information through the deployment and

use of networks of Pround sensors. These sensor devices, of

which there are several types, were originally developed for

use in Southeast Asia. They are emplaced in a variety of

wayc, and Drovide information about their immediate

environment once activated. This information is prosented to

the collector in its raw form. In the case of seismic

sensors, for example, which detect vibrations in the earth

caused by the passage of an object within the detection

radius of the sensor, the information is presented as a

series of binary (on or off) activations. The quantity ar

quality of the information is variable over time; the

information may. for example, be corrupted to a varyir.a

extent by the environment in which the sensor is placed, by

the operatinr characteristics of the sensor itself, or by

jammino,. Correlation, which takes place at the collection

4t -
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site, is presently manual in nature, and Is perforred by

I trained operators who compare the output of adjacent

sensors, sensor arrays (a collection of sensors logically

rrouped together to to provide information on a specified

area) and sensor fields (a collection of arrays lopically

grouped to provide information over a larper area) over

time. This correlation effort serves as an Inrut to the

Marine Corps intelligence system and can be used to provide

combat information to the applicable commanders [1]

This thesis focuses on one method of correlatirg-

information that seems to be applicable to a wide variety of

problems - production systems. A branch of Artificial

Irtelligence. erfcrmance oriented knowledge-based exnert

production systems provide a means for encoding the expert

Irnowledge of a restricted domair. [2 . A performarce-oriented

production system attempts to display competent tehavir in

that restricted domain ty the use of selected applications

of production rules, each of which represent some sall

piece ^ knowledge that is applicable to the domain. While

perhaps corputationally equivalent to an algorithmic

approach to the same problem, the production systerr differs

significantly in the manner in which knowledge is

represented ard applted. Production rules cffer a

representation of knowledze that is easily accessed and

modified, making them quite useful for systems designed Ocr

an incremental approach to competence (3]. The knowledoe of

iC- -:



the system is extended simpl7 ty adding rtles that apply to

the domain, and the in!or-a! knowledge of the expert tay ,e

represented and applied in a convenient and useful manner.

Wepreseptatior of knowledge and its application in this

manner offers inherent flexibility, and produces behavior

similiar to that which a human can produce and understand.

In this manner, a production system may offer a feasible

approach to a class of problems that would otherwise be very

difficult to structure alporithmically, or iven a solutlor,

be difficult to explain in a comprehensive manner to the

average user.

The thesis is organized into five major sections,

excludine the introduction and attachments. The Background

section provides information concerning the organization of

the Marine Corps ground sensor program, the technology used

in the present generation of ground sensors, and processine

methods that have been developed in the past cr are

currently beine utilized in this area. This information will

hopefully give the reader a feel for the nature of the

problem and put the thesis effort in the proper context. The

Design section discusses hierarchical performance-oriented

production systems in general, their salient features, their

structure, and their characteristics. Production systeirs

already in existence that influenced the approach to the

system, designed in this thesis effort are mentioned. This

section includes a discussion of the structure of the

- i



prototype production system developed as a result of the

thesis to process and correlate around sensor informatton.

The objective of the design effort, the concept, the

structure, and the desiwn approach are included. The

Implementation section describes just that - the

implementation of the prototype system in its present form.

An example rule and a computation that results from the

operation of this rule are presented. The final two sections

discuss the results obtained by the limited testing

conducted, and the conclusions drawn from the results of the

testine. Recommendations are presented for further

development, and a discussion of the applicability cf

further stuty is included.

4k
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II. BACKGROUND

A. PREFACE

This chapter is divided into two major areas. The first

area contains information about the Marine Corps Pround

sensor prog ra m. Only that information is presented which

allows the reader to place the thesis effort in proper

context, give the reader an idea of the scope and complexity

of the problem area, or was pertinent to the thesis effort

itself. More detailed information on the -ariae Corps oround

sensor program may be obtained by referring to ref. 1, 4,

and 5. The second area contains information abcu't previous

development efforts in this area, and current mrethods of

processinp and correlatinz ground sensor informaticn. It is

hoped that this information will give the reader -n

understandinp of the "state of the art" of processin,

information in this area, and the background that he may

better understand why a production system was the method

chosen for investigation.

B. THE MARINE CORPS GROUND SENSOR PROGRAM

This section is divided into eight subsections, each

covering a facet of the Marine Corps Pround sensor proprar.

The purpose, organization and training, employment concept,

13
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advantages and disadvantages, !actors for ronsidpration in

9 employment, methods of emplacement, and the equipment

considered in this thesis are detailed. As noted before,

information that is more detailed than that presented ray be

found in the above cited references.

1. Purpose

The Marine Corps sensor surveillance capability was

designed and is organized to meet Marine Corps requirerents

in support of amphibious operations. Data acquired from the

use of ground sensors (a detailed description of such a

sensor is given in section B.e of this chapter) can result

in the identification, monitoring, anc'/or the targeting of

hostile elements that might otherwise go undetected.

Collation of sensor surveillance acquired data with that

acquired by other means is intended to result in a

si~nificant'y improved Intelligence capability [I]. As such,

the Marine Corps ground sensor program is an inteeral part

of the total intellipence collection capability of the

Marine Corps.

2. Orearization and Trainin

Sensor assets within the Marine Corps are controlled,

maintained, and operated by the sensor control and

management platoon (SCAMP). One SCAMP is allocated per

division; each SCAMP functions under the coRnizance of the

414
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division intelligence officer. The mission of a FCAYP is to

establish the capability for remote sensor surveillance

employment in amphibious operations, to support contingencr

operations, and to conduct sensor surveillance training and

testin, as required [1]. The SCAMP platoon is also tasked to

support the Tactical Surveillance Center (TSC), which is a

self-contained, mobile, air transportable operations center

designed to provide a capability for monitoring and

evaluatine sensor derived data. The SCAMP is organized with.

the capability of providing sensor employment squads and

teams to Repiments and Battalions, respectively. subordinate

to the Division. The SCAMP is also capable of supportirg

combat support units; i.e. the Division Reconnaissance

battalion, and the krtillery regiment. Each member of a

sensor employment squad or team is trained to implant the

various classes of sensor devices found in the Marine Corps

inventory, monitor these devices, read out transmitted data

from the sensors, and analyze the result. Thus configured,

the SCAMP represents centralized control of all sensor

assets within the Division, but stands ready to suport

subordinate units and fulfill their particular sensor

requirements as the situation dictates [5].

In its present confipuration, the SCAMP is capable of

simultaneously monitoring up to seven hundred twenty

different sensors of the various types that are -ontained in

the Marine Corps inventory. This is accomplished throuph the

15



operation of the TSC, mentioned nreviously. Ths TSC is

actually a series of four separate shelters, each capatle of

stand-alone operation and each able to monitor two hundrel

forty different sensors simultaneously. Each shelter is

designed to be operated by a sensor employment squad. a-h

shelter contains four recording devices (to be de5cribed

later), each of which is capable of monitoring sixty sensors

simultaneously and is operated by one Marine. As a modular

structure, the structures cf the TSC may be taskpe out to

subordinate units as required, or ma: te colocated to

function as a unit [4].

The training of SCAMP personnel is accorrplishd by

various means, most of which (technical traiin.r in

electronics, for example) comes from the basic rilitary

occupational speciality that the Marine originally carp

from, and will not be further discussed. Sensor-specific

training, however, Is of interest; for the MArine ir the

SCAMP platoon, it comes primarily from two sourf-es. Ir.til

training in the sensor field is usually received courtesy of

the Army through its Unattended Ground Sensors course, given

at the U. S. Arwly Intelligence Center at Fort Huachuca,

Arizona. This school is desiened As an entry level course

(i.e. is very basic in nature), tut it is the only formal

training a Marine sensor operator is likely to get. After

graduation from the Army school, the Varine is assirned to

one of the three SCAMP s that arp currently activa. This

16
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represents his entry into the second phase of the trainine,

which is likely to last for the duration of his career in

the marine Corps - cn-the-Job and unit level training. Each

FCAMP has its own training program, which is tailored to the

situation that each particular SCAMP finds itself in, plus

the desires of the various levels of commanders that are

al"le to influence the SCAMP platoon commander. The tailored

training programs and a high turnover rate, especially among

key personnel such as platoon commanders (who directly

Influence the scope, style, and content of training

programs) serve to add elements of inconsistency to the

various trainlnR prorrams.

3. Employment Concets of Ground Sensors

The current concept of employment of rround sensor

assets calls for rem-ote sensors to be emplaced before.

during, and after assault operations where enemy activity Is

known or expected. Employment is generally classified by the

organizational level at which the sensors and their

resulting information are utilized, and is broken dowr irto

three different types of erployment classes: types I. II,

ard III methods of employment (1]. In the case of -very type

of employment, locations for employment and types of sensors

to bp employed are rission depedent ard are preselerted sc

as to optimize the receipt of Information, viven the level

17
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of resources available (i.e. the number of sensors, their

types, and their ronitorina capability).
Sensors employed in a type I mode are locallyI

employed by subordinate elements of the amphibious task

force, down to and including the battalion level. Data from

the sensors is immediately evaluated and acted upor. locally.

Control is decentralized; sensors in this mode of operation

are rormally used for local perimeter defense, listenin,

posts, local security patrols, ambush operations. and local

targeting for organic (in-house) suppcrtirg arrs (mortars

and artillery) (1].

Type II emnloyment of sensors, on the other har.,

centralizes control of sensor assets to directly support the

arphibious force/landing force to provide timely infortation

about enemy forces and movements within the amphibious

objective area. Type II employment is characterized t-b

utilization of sensor assets at a hipher tactical level.

Representative uses for sensors in this mode of emvloyrert

include preassault area surveillance to assist in the

selection of landing zones, surveillance alonR large scale

defense perimeters, and surveillance and targeting of enemy

approach and withdrawl routes to ard from the beachhea! [1].

Type III emplcyment is the highest level of

employment, and is essentially strategic in nature. Control

of sensor assets is passed to higher levels in the chain cf

command. In this mode, sensors are norrally employed ir t'e

ais



area of interest, where immediate combat actior is not

contemplated, but where continuous surveillance is

considered necessary. Examples of sensor employment in this

mode include employment along border areas through which

enemy units may pass, enemy airfields, hartors. and base

areas, or nominally neutral zones [11.

On the most basic level, sensors are normally 

employed in grouDs (hereafter referred to as arrays). The

sensors within an array represent a lopical erculinp,

designed to provide as much information as possible abcut a

riven area. The sensors provide multiple sources of

information so that classification and tracking may le

initIated. on suspected targets. The configuration and

composition of a particular array is dependent upon the

situation in which an array is emnlacel, tut as a r-enpral

rule, arrays may te broken down into two disrtnct

classifications by method of emulcypient: the trall array,

and the area array. The trail array is a i-rouping of sensors

that is essentially linear in nature; the array is usually

employed along a well-defined avenue of approach, such as a

road or a trail. Information derived from this type cf

confiruration presupposes that the access to t*is

configuration is limited in nature (i.e. access is r.-ually

initiated from the ends of the array, proceedine alor.e the

entire lenth of the array. The sensors are deployed co ac

to take maximum advantdae of that cl'aracteristic. A. irea

19



array, on the other hand, is usually employed to cover a

'iven general area. Unlike the trail array, the sensors of

this confizuration must be positioned to provide miaxrrum

coverage, as opposed to maximum utility. In both tytes of

arranRements, mixes of sensors are norrally employed to

provide the maximum amount of informatior possible. Senscrs

can also te roughly divided into two classes: detection-only

type sensors, which are ncrmally utilized to detect a

tarpet's presenze (but are not normally used to classify a

target), and classification sensors, which are normally used

to classify the target. As noted before, a mix of both types

of sensors is normally found [6].

4. Advantages of Femote Sensor Frplrnyment

The employment cf remote sensor surveillance systems

provide some unique advantages as compared to other methods

of intellizer.ce collection [1]. Among the advartages are:

a. Timeliness

Remote sensors can be employed to acquire

infor'iation in a timely manner; i.e. real time or near re.l

time.

b. All Weather

Remote sensors are sinifioantlv less weather

restricted than most other means of information collecticn.

4.-
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c. Full Time

1 The majority of remote sensor devices cperate

without repard to conditions of fatigue.

d. Expendability

All remote sensor devices are expendable and way

be employed in high risk environments.

e. Survivability

Areas in which remote sersor devices are e Dloyed

may be attacked by supportinr arms with a high degree of

probability that the remote sensor devices will survive

undama.-ed.

f. Covertness

Properly emplaced, employed, and ccncealed,

remote sensor devices can remain undetected.

g. Flexibility

Remote sensor devices ,ray be employed in a

variety of situations or in a variety of configurations, ar,

may be emplaced by a variety of means.

5. Disadvantages of Remote Sensor Employment

The employment of remote sensor surveillance devices

has its disadvantares as well [1]. The most notable

disadvantages are:

4,
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a. Fizh Cost

Most remote sensor devices, because of the

desired collection capabilities and the required ruggedness

built in for field use are relatively high cost items.

b. limited Discrimination

Present generation remote sensor devices have

limited or no ability to react to more than one type of

activation stimulus.

c. Timited Life

Remote sensor devices are dependent ,vpon battery

power, which limits the useful lifespan of the levice. The

lifespan is further limited by activation rate and activity

rate.

d. 'amming

Present generation remote sensor devies which

report by radio link are susceptable to active intprference.

e. 'anpe

The detection range of mcst present zeneration

remote sensor devices is quite limited.

f. Location

Given the limited range of most devices, the

effective utilization of the devices requires accurate

information about its location.

g. Enemy Reaction

Remote Sensor devices are subject to destructior.,

removal, or boobytrapping by enemy forces.

22

........ J'- ,' , . -- " #' C 'I



6. Factors for Consideration in the Emgloyment of 'rourd

Sensor Devices

The effective use of remote sensor devices in a

tactical environment depends largely upon a thorough

knowledge of the current tactical situation and of planning

considerations which apply to the intended area of

operations [1,5,7]. Some of the factors to be considered in

the employment of remote sensor devices are:

a. mission of the Unit Being Supported

The task of the unit to te supported by ground

sensors has a direct bearing on the number and type of

sensors used, and the method in which they will 'e enploved.

As an example, if the unit to be supported is -cnductinp an

attack, then the ground sensors in support will likelv te

employed to give that unit commander as much in~orraticn as

possible about enemy troop movements in that immedlate area,

especially along likely avenues of approach.

b. Type of Coverage resired

The type of coverage desire! will determine the

number and types of sensors used. If, for example, blanket

coverage of a particular area is desired, many more senscrs

of all types will be required.

c. Terrain As;pect-

remote 5e2.cr: -,r- affected to varying degrees by

terrain factors. Some of the factors to be considered are

23

,t.* , i
!

.



soil ty)e and composition, vegetation (size, type, and

I density), limitations of toporaphy, road ar. trail

networks, waterway networks and associated tile levels,

ambient seismic and acoustic background noise levels, and

indigenous population density. Tnesp Oactors will affect the

reliability of different classes of sensor output to varying

degrees.

*d. Weather Considerations

Remote sensors are affected to varying dpgrees by

weather factors. The following factors are considered

pertinent to the planning for use of ground ser. ors:

precipitation (type, quantity, duration, frequency, and

effect on soil compaction), wind velocity and direction,

humidity, and cloud cover.

e. Enemy Considerations

Factors about the enemy to be considered irclu.,

activity, intensity, and method of confli-t.

f. Support Requirements

Arnone the support factcrs to be considered for

sensor operations are operator proficiency, equipmert and

personnel available, and methods of delivery.

". Metbods of Employment

The delivery of remote sensors can enerally be

divided into two broad catagories: air and ground delivery.

A third method, delivery by artillery, is currently beinp

24
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developed and will be an available option when a new

I generation of around sensors is fielded. Air delivery may be

accomplished by means of selected fixed or rotary winged

aircraft in the Army, Navy, and Marine Corps inventory.

Aerial delivery is usually the most feasible means of

delivery for sensors designated for type iII employment, cr

for type II employment sensors in areas that are heavily

dominated by enemy forces [5]. The primary disadvantage of

aerial delivery is the resulting loss of accuracy than

occurs when sensors are dropped from vehicles that are

moving at a moderate to high rate of speed. In contrast,

hand emplacement is generdlly considered to be more

accurate, and is usually accomplished by the tear that is

directly controlling the sensor assets [i]. The primary

disadvantapes of hand emplacement are the weight limitations

imposed by the manual mode of transport, the suscejptibility

to enemy action on the part of the emplacpment team, and the

lack of range that an emplacement team enjoys.

8. Remote Ground Sensor Equipment

As was mentioned previously, the present generation

of around sensor equipment was originally desirned for use

in Southeast Asia. Presently, a full allowance of phase III

equipment (the direct product of the modifications trade to

the original equipment design) has been provided to each of

the three active Marine Corps divisions [1]. For a full
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listing of the eauipment presently available. refer to ref.

* 4.

In the followinp discussion only that equipment which

pertained to this thesis effort is discussed. For a detailed

description of the equipment currently in the Marine Corps

inventory, consult ref. 4. A description of the equiprvent

can be broken down into two areas: sensor devices that were

actually considered, and recording equipment. All other 

component items (radio relays, antennaes, and the like) had

no tearing on the thesis effort and hence were ignored.

The piece of recording equipment that was of interest

to this thesis effort was the signal data recorder.

Actually, this piece of equipment had no direct impact on

the thesis itself, but as it presently serves as the means

of interface between the sensors, and the operator, it was

felt that a brief study of this device would assist i, the

understanding of how the present system functioned, which in

turn mieht provide some clues as to how to approach the

problem. The recorder is actually a simple plotting device,

an X/T plotter. Information (i.e. activation signals) are

represented graphically in one dimension (the X"

dimension). Time histories are kept of the activations as

the paper moves by the the graphic pens of the device at a

fixed rate of speed (the "T" dimension). Activations are

thus recorded as "tick" marks, and are time ordered, beirg

displayed zraphically as they occur [e]. It is these sets

2
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that the sensor operator interprets. An examDle of this type

9 of output is riven in figure 1.

The only sensor considered for the thesis effort was

a MINISID (in the seismic only configuration). The MINISIP

responds to seismic activations; that is, it detects

vibrations in the earth that occur when a person or vehicle

causes seismic activations within its detection radius. When

a person or a vehicle moves across the Rround, vibrations

are caused by that passage. If a seismic sensor is sensitive

enouRh (i.e. the activation is within the sensor's detection

radius) then the sensor will detect the vibrations and

transmit a signal indicating that a detection has been

accomplished. Once the transmission is sent, the sensor

turns itself off" (inhibits itself) for a fixed length of

time. The minisid functions in precisely this manner.

Diferent sensors usually have different levels cf

sensitivity dependinz on the type of tareet; the I'IISIr is

no exception. The MINISID has an inhibit time of ten

seconds, and is classified as a detection-only sensor.

Functionally, the MINISID of capable (on the average) of

detectine a person at a distance of thirty meters; for

vehicles, the MINISID is capable of detection at a distance

of one hundred meters. (This varies considerably with t~e

operating characteristics of the sensor itself, the type of

the environment in which the sensor is placed, and the type

of vehicle itself - the detection radius for a tank is
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normally about five times the above stated distance%. A

I MINISIr weihs nine pounds [E], and has a minimum rated

lifespan of thirty days (the actual lifespan may be quite a

bit lonzer - it is dependent upon the activation rate of the

sensor over time). The MINISID is unique in that it can

operate independently (in the "seismic only" mode) or it can

act in concert with (attached to) other sensors. This thesis

considered the MINISID in the "seismic only" modle.

C. AVAILABLE METHODS OF PROCESSING GROUND SENSOR INFORrMATON

Other attempts have been made in the past to rechanize

the processing of ground sensor information, or to erhance

the operator display to facilitate processing. To date none

of the developed methods have been implemented by the Marine

Corps; the method of processing zround sensor information is

still manual in nature. Several of the other method5 are

mentioned in passinR to eive the reader an idea of the scope

and the direction of previous efforts. Finally, the present

manual method of processinp zround sensor informration is

reviewed.

Probably arnonR the first innovations, TMP (Terminal

Message Processor) attempted to enhance the operator display

to facilitate processing. 7nhancement was obtainpd by

placing a simple logic circuit between the receiver and the

plotting device. When the threshold for activaticns per urit
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time was reached or exceeded, a pen burn (a solid

9 activation mark on the chart paper) was caused. As lonE as

the activation rate per unit time continued to meet or

exceed the preset threshold, the "pen burn" continued. This

distinctive marking on the chart paper attracted the

operator's attention; the rest of the processing cycle was

manual in nature [9].

Other, more sophisticated, attempts used a computational

(mathematical) approach to the processing requirement. An

example is the ATTAC aloprithm [i], which seemed to le

about the most sophisticated method encountered in the

author's literature search. ATTAC divides the problem- area

into functional spaces and uses, to a degree, different

computational methods to process each different area. The

alogrithm is based in part upon time/distance fcrrulas, in

part upon outside information supplied by the user, and in

part upon statistical analysis of the historical data base.

ATTAC is mentioned as the problem structure of the alorrithm

was used as a starting point in the design of the prctotypz

production system.

manual processing of raw sensor data and of sensor

derived information is the present method used by the "artre

Corps sensor operators. The method is the same whether the

TSC modules operate independently or as a unit. Within each

module (which is a van, correctly described as the

Battlefield Area Survelllance System [BASS] van) [4],
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recording devices (described previously) are located. The

number of sensors and the configurations will vary according

to the tactical situation, but the sensors are normally

grouped logically when attached to the plotter so as to

facilitate recognition of target activations when they

occur. An operator may redefine this grouping as needed as

the method of switchinp is manual (the sensor receiver leads

are physically plugged into the plotter jacks). As

information is received, indicated by "tick" marks on the

plotter paper, the operator looks for distinctive patterns

(generally a stairstep type of arrangement, as activations

are usually received in a typical array arrangement in a

time-ordered fashion). When a distinctive pattern Is

recognized, a target, track is initiated - the operator

calculates the tareet's velocity, and coupled with any other

type of information he may possess at the moment (such as

data from a classification sensor) he makes a determination

as to the type, number, direction of travel, and speed of

the target. This information is recorded on a standard

report form, and the information is then passed to the next

level in the chain of command [5,6] In this manner,

information is input into the Intelligence system and the

tactical reporting system. For a detailed description cf the

various processing techniques available to the operator, see

ref. 6.
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9 III. DSIGN

A. PREFACE

This chapter is divided into two major sections. The

first section discusses the structure and the

characteristics of knowledge-based production systems in

Peneral; the second section details the desiin of the

prototype production system developed as a result of this

thesis effort. In the discussion of the prototype system a

definition of the problem is given, the system otjertives

are described, and the structure of the system is discussed.

B. GENERAL

The discussion of krowled-e-based production systems is

further broken down into five sub-areas. The first is a

discussion of the structure and characteristics of

knowledge-based problem solving production systems in

aeneral. The second is a discussion of appropiate and

inapproplate domains for knowledge-based production systems.

The third and fourth sub-areas are a discussion of the

advantages and the disadvantages of knowledge-tased

production systems. The fifth is a discussion of the unique

features of a hierarchical production system, which is the

particular classification of the prototype system develcped.
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The first four sub-areas should give the reader an

urderstanding of the structure, characteristics, and areas

of employment for knowledge-based production systerrs; the

fifth sub-area should allow the reader to build upon that

understanding in the domain spezific to the thesis-related

problem.

1. Structure and Characteristics of Knowledze-based

Problem Solving Production Systems

A problem solving production system may be viewed as

consisting of three basic components: a set of rules, a data

base, and an interpreter for the rules [3]. A rule is an

independent "chunk" of knowledge about the problem spate and

consists of two parts: a situation recoznition part

(logicallv an "if" clause) and an action part (a "then"

clausel. The situations that triprer rules are specified

combinations of facts that exist in the data base. The

actions that are performed by the rules are restricted to

being assertions of new facts deduced directlv from the

triggering condition(s) [2). The recognition part of a rule

may be viewed as a passive operation of perception, while

the action part may be considered as one or more primitive

operations to be performed upon a subset of the ddta lace

[3]. In this manner, communications between different rules

in the system is both direct and restricted to a single

channel - the data base.
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The data base is a collection of all the facts known

t to the system about the world (the environment in which it

operates) at a given moment. The interpretaticn of facts in

the data base is dependent in large Dart upon the natire of

the application, but it is important to note that the data

base represents the sum total of Information known to the

system (i.e. the data base is unified). Unlike alrorithmic

methods or structured languages, in a knowledge-based

production system there is no provision for separate storage

of control state information. The unified data base is

universally accessible to every rule in the system, so that

anything put in the data base is potentially detectable by

any rule [3]. This has a definite impact upon the control

structure of the production system.

The interpreter is the source of control for the

knowledRe-based production system. In simplest terms, the

interpreter may be viewed as a select-execute locp, in which

one rule applicable to the current state of the world is

chosen and then executed. Its action results in a modifie!

data base, and then the selection process begins arain r31.

In the simplest production system this process corsists of

merely scanning the premise conditions of each rule in turn

until a match is found with a subset of the data base,

performing the action required by the rule identified, and

then starting over. This alternation of selecticr and

execution is an essential element of production systeT
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architecture that is responsible for one of the urdar.'ental

t characteristics of production systerrs - the corrplete

dependence upon the state of the data base for control. v

choosine a rule for execution on the basis of the total

contents of the data base, a complete reevaluation of the

control syster is beine performed at every Tycle hi. This

is different from procedurally oriented approaches, in which

control flow is depenlent upon the process then bei.-

executed and upon the "value" of the control variatles.

which may represent only a very smrall part of t'pe

information available to the system at any given moment.

With such an unstructured" control structure,

knowledoge-based production systems are potentially sersitive

to any change in the state of the world within the scoe of

a snaRle cycle [3).

The above represents a tasis fror, which ar.v

Droduction syster may be viewed. Ma n2 variations are

possible, however; any departure from the "%ure" structure

defined above is usually in response to the structure or

complexity of the problem space. The simplest evaluation cf

production rules involves a matching cc literels

(system-specific atomic elements of inforrration, usually

represented by a single symbol) on the left hand slde, (the

premise side) of the rule, and replacement of the ratched

literals by the literal contained i. the right han-! side

(the action side) of the rule. This is a sirple example of

34
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forward chaining, whereby a conclusion is drawn from the

successive application of rules in a deductive manner; I.e.

deductions are formed from a given set of facts. A diagram

representation of forward chaining may be found In figure 2.

A variation might be the matching of the right hand

side of a rule, with the action to be taken contained on the

left hand side. This is an example of backward chaininp-

whereby a hypothesis is formed about the state of the world

and the data base examined to determine the degree of

support present for the hypothesis. This represents an

inductive rather than a deductive process, and is well

illustrated in the MYCIN production system [11] . which

operates in the area of clinical medicine. A diagram

representation of backward chaining may be found in fi2ure

2. Another variation is that the premise condition(s) rip-t

be a complex set of actions in themselves, such as an

extensive searching requirement. This technique Is utilize!

in the FEAPSAY production system (2] which operates in the

area of speech reccgnition.

The representation of data (in the sirplest caso. is

a set of literals) and the control ,tructure (In the

simplest case, no control structure at all) are also likely

candidates fir variation. The data representation mia-ht te

multi-dimensional, as is the case in the SU/X prodicti'on

system [13] or it may consist of complex ctructrre-. T..

order in which rule! are evaluated may have a trermendous
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impact upon the efficiency of a system. as an crderir.g

scheme may s ip-nificantly reduce the amount of actual 

processing required to reevaluate the control state every

cycle. This requirement will be reflected in tne control

structure, which itself may be quite complex. A particular

variation is to pass control infcrmation explicitly in the

data base to cause some predetermined evaluation order of

the production rules. Another more flexible means of control

Is throuph the use of meta-rules, as is done in "'YCIN, where

the problem of orderinr rule evaluation is viewed a, just an

extension of the problem space. Rules (meta-rules; that wiil

cause the necessary ordering may then be formulated an,!

applied, thus extending the knowledge of the progr.m in a

uniform manner. Carried tc the extreme, the technique of

implementirg higher order rules can be advanced to any level

desired. Yet another method of orderine rule evaluition,

decomposing the problem space into levels. .s !ter

described In detail. Fach of the above variations (a.!

others not mentioned), while sperringly better fIttlrg a

system to a particular problem space, may iz fact induce

complications in the operation of that syste:-. This may

prove to be a limitin, factor in the utility of such a

system at a later date, as more information atout the

problem space is obtained. Nevertheless, the perforirn.rze ani

structure of any given knowledge-based prnduction systern nay

still 1%e viewed with resvect to the concept of the ";ura"
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production system embodied in the three basic components

9 described earlier.

2. Appropiate and Inappropiate Domains for

Knowledze-based Production Systems

Proram designers have found that production systems

easily model some problem spaces ("space" is defined to mean

the sum of all possible problem states - the sum of all the

possible combinations of variables in the problem set); some

problem spaces, on the other hand, lead to extremely awkward

representations [3]. The first criterion for ludging whether

a problem domain is adequate for a production system is the

amount of information available abort the domain. If little

or no information is available, a knowledge-based prodLction

system will probably be ill-suited, as there is little

krowledge to baso the nroduction rules uuon. Likewise, an

area in which knowled;e is hig-hly formalized and str,,,ctured

will also probably be ill-suited; an algorithmic techniq,:e

will probably be more efficient overall. An example of this

condition mipht be in the area of linear Algebra, where t-e

aliount of available information is large and hiE-hly

structured. A nroduction system to solve problems in lirear

Alpebra mi-ht therefore be ill-suited, espe.iall.y when

compared to tho number of algorithmic tec'niques already

available. The second criterion concerns the indepenCFn of

te knowledge primitives (basic knowledge "chunks"' cf a
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problem space. A problem space in which knowledpe about the

9problem, can be represented as the sum of man independent

states (a state is defined as the values of the prograr

variables at any riven moment) is probably well-sui:ed to

production systems, as each rule is an independent, modular

"chunk" of knowledge. Division of the probler spa'e

information into production rules is therefore protabl:

natural and direct. A aood example of this condition is tte

area of clinical medicine, the domain in which MYCIN

operates. The sum total of information, both factual and

Judgemental, about clinical medicine seems to be lar-ely

representable in a large number of basic states of

knowledge, each independent of the other. A third

distinction might be the complexity of control flow [73. Tre

control structure of a production system is norrally simple,

visible, and directed throuah a sinple channel - the lata

base. Problems requiring indirect or complex control

structures (complex looping or recursion, for example' are

probably ill-suited to a production systems apprnach.

Sienal understandin- tasks, of which the problem

under consideration in this thesis is a member, seem well

suited to the application of knowlede-based Lroduction

systems when analyzed in view of the distinctions presented

above. In many signal une.erstarding areas, the amourt c?

information known about the problem space is lari'e. tut Is

neither complete nor highly structured or formalized ir

38



nature, especially in the task of correlation. Many signal

understanding tasks seem to be a composition of mary

independent states of the problem; an example might be in

the area of acoustic signals, where the understanding of the

signal is dependent in part upon the characteristics of the

siznal itself, which in turn is dependent upon the strength,

source, propagation characteristics, wavelength, etc. of the

signal. These divisions of the problem into its "primitive"

elements that may each be considered separately reflects the

nature of the problem space - a problem that consists of

many independent states. Finally, the nature of the control

structure required to sucessfully recoanize and correlate

signals in specific domains seems to indicate that

knowledge-based production systems can be readily a;jlied.

Interpretation of a signal in such an area is directly

dependent upon the state of the data base at that given

moment; the manner in which to proceed, dependent unon the

state of analysis of that signal, also tner sepms to ' e

dependent upon the state of the data base at that moment.

Such a requirement for a variable control structure lends

itself directly to application of knowledge-tased production

systems.

3. Advantapes of Knowledo-e-based Production Systems

From the foregoing discussion, several advanta-es of

knowledre-based production systems are immediately apparent.
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Representing knowledge as production rules forces a

hcmozeneous representation of knowledge [23. 2ecause each

production rule is independent of the others (at least in

theory !), an incremental approach to comretency is

possible; reasonable behavior is demonstrable in a problem

area where knowledge about the uroblem space is incomplete

or inexact in nature. Fecause of rule independence, rulps

could even be removed (to a certain point) and the system

would still exhibit some sort of "reasonable", although

reduced (in the sense of competency) behavior. With the

proper representation of knowledee, the intuitive or

heuristic knowledge of an expert may also be modeled by the

use of production rules. Unlike algorithmic techniques,

production systems allow unplanned but useful interactions -

a piece of knowledge can be apnlied where and when it is

appropiate [2]. Finally, because production rules are

modular "chunks" of knowledge, a deduction represents a

chaining of the appropiate productions; explanation cf

behavior of a knowledge-based nroduction syster is thus

facilitated.

4. Disadvantages of Knowledge-based Production Systems

Several diadvantages accrue when using the production

rule method. It is sometimes difficult to express knowledge

(especially informal knowledge) in a predetermined format.

This gives rise to the expressing of that Inforraticn in an

4e



indirect manner, which might be difficult for the user to

understand. In a large system, the addition of rules ray

cause side effects not anticipated by the designer, such as

when the insertion of a new rule directly contradicts a rule

already in the system. Pecause of the non-structured rranner

of the production system, changing a rule may lead to

chanzes in other rules which may lead to still more chanoges;

the cumulative effect may be difficult to contrcl [3].

Finally, reevaluation of the prograrr control state every

iteration can be computationally expensive. This may tempt

the designer to implement some special control structure not

available to every production rule. This is directly

contradictory to the spirit of the control structure of a

production sys tem, and usually leads to awkward strtcture

modifications at a later date [3].

5. Hierarchical Knowledge-based ?rcduction Systems

Eierarchical systems may be viewed in the sare

context of the three basic components of production systems

discussed earlier; tde discussion of the probleT dcrain, end

the advantaes and disadvantages of production systems in

general are all equally apDlicable. The distinctive

characteristic of the hierarchical production syster is the

structura of the syst m itself. In a nor-hierarchical

system, all the production rules have access to the entire

data base; this is one of the fundamental characteristics cf



production rule systems. In a hierarchical system, however,

the problem space and resulting data base is divided into

distinct levels, usually proceedirg from the less abstract

to the more abstract. Typically, each production rule may

have total access to only that part of the data base which

it relates to. Instead of being global in scope, each rule

normally concerns itself with only one or two levels of the

data base structure. This in itself represents a ccntrol

structure of sorts as control information is no loneer

accessible to every rule in the system; the order of

processing may in fact be predefined.

Of course, a problem that is defined in terms of a

hierarchical production system must be representable in that

form - as a series of discrete levels of informatiorn and

control. The advantage of a hierarchical structure lies in

the fact that in a non-hierarchical system, the number of

rules may grow so large so as to effectively prohibit the

reevaluation of the control state every cycle within Pivot

problem constraints, whereas in a hierarchical production

system the tendency toward this characteristic is eliminated

to a large degree. Actually, a hierarchical system nay be

thought of as a series of non-hierarchical systems, the

output of a lower level becoming the input of the next

higher level. Viewed in this manner, it is easy to see that

the basic tenets of general knowledge-based production

systems are directly applicable.
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A good example of hierarchical production system is

the FEARSAY system [12.1, which operates in the area of

speech recognition. Rather than consider the entire domain

of the problem space or a single level (thus making the data

base universally available to all the production rules in

the system), FEARSAT divides the problem of s.eech

understanding into six distinct levels, each level of which

seems to represent a natural level of interpretaticn of the

problem space. In the area of speech recognition, these

levels are the parameter, the segment, the syllable, the

word, the word-sequence, and the phrase [12] . A parameter is

that digitized acoustic signal which is received in a ten

millisecond time slice, and represents the most basic

element of information in the HETARSA. system. The next level

of inforrraticn contains semments, which represent hypotheses

about what useful information is contained in the

parameters. Syllables are formed fror seerents, words are

formed from syllables, word-sequences are formed from words,

and phrases are formed from word-sequences, completin, a

cycle through the program levels. At every level, corpetin7

hypotheses are represented, reflecting the heuristic nature

of the problem. Viewed as a series of sinple-level

production systems, the output of a eiven level of the

FEAPSAY system represents the input to the next level. The

information elements of any given level thus represent the

atomic elements of information (in which the representation
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of the Droblem may be expressed) at that level. Production

9 rules associated with that level of information need onl:, te

concerned with the classification ef information with which

they are familiar; partitioninR of the data base thus has

the effect of denying access to parts of the data base fcr a

Pgtven level of rules in the HEARSAY system.

C. A PRO'OTYPE PRODUCTION SYSTEM TO PROCESS GROUND SENSOR

INFORMATION

This section is divided into two major subsections, each

concerned with a facet of the desien of the prototylpe system

developed as a result of this thesis. The first subsection,

the overview, eives a definition of the problem and states

the goals of the desien effort. The second subsection

details the lesign of the prototype system, corparinp and

contrasting it with the structure and characteristics of a

model hierarchical production system, discussed earlier.

1. Overview

As may be inferred from earlier discussions, tt.

problem space to be considered in a solution to the prcle7

of processing information frcm ground sensors is potentially

immense. Different tactical situations, different types cf

sensors, and different environments combine to form a

problem space that is both highly variable and diverse. The
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strategy for solution must therefore be variable and

9dynamically based; an adaptiva capability on the part cf the

processor is the rule rather than the ex-eption. These

factors, however, represent only one facet of the problem at

hand. Of possibly more concern is the effect on the solution

space that the operator himself has. In the case of present

operations, where the processor is human, the possible

operator variability is large. Not all operators possess the

same degree of expertise; the amount and type of experience

and training that human operators possess varies greatlv

£13]. The intensity of the environment also affects

different operators to varying decrees; the effects of

fatirue on sensor operators is fairly well understood in a

high intensity environment (13] but the tolerance range of

individual operators in a given situation can only te

surmised. As the amont and quality of the information

available from ground sensors is at present dependent upon

the human operator, it may be surmised that, even in a

perfect" (i.e. completely known and understood)

environment, the utility of such information in the present

system is much less than is theoretically possible, sirply

because of operator variance.

The goal of this effort was to demonstrato an

alternate method of processin, eround sensor informaticn,

wh. ich, if Aeveloped to its full exten, might v. i id sore

tanrible benefits In the areas of consistency, flexibilIty,
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and reliability. Since this problem area is sim!liar in

-ature to a host of others in the military, it 7night 1e

inferred that this type of solution would be applicable in

other related areas of processing and correlating

information. It wds realized that tirre and resource

constraints would limit this effort to a small subset of the

problem space; the immediate goal was therefore to design a

core system that would be capable of expansion as required

or when possible.

2. Design of the Prototype Knowled'e-tased Prod'cticn

System

kt the ,utset, it was decided to retain as much

conceptual simplicity as possible ir. the design. While

perhaps not the most ef.icient method of implementation, it

was felt that a simple desin would promote ease of

understanding and allow for further expansion. The decision

was made, therefore, that the destin would reflect, to the

Rreatest extent possible, the structure and simnlicity 'f a

"pure" production systpr, described earlier.

Several production systems already in existence

provided clues to the direction that the desien effort

should possibly take. The two most Influential syster-s

already In existence were the HEARSAY system [12] ard SU/X

r141, both of which are hierarchical knowledge-based

production systems. As was previously mentioned, FAPSAT

46

.f



deals in the realm of speech recog-nition, and is essent~ally

a forward chaining system. SU/X approaches the prcblem cf

recognition of continuous sienals, and employs loth forward

and backward chaining. The ccntrol structure of both systems

is fairly complex.

The ATTA.C algorithm, mentioned previously, providsd

clues as to the structure of the problem space; in fact, the

designers of the al orithm provided a structure ef the

problem space that kas useful as a startinz ,oint for the

desigen of the prototype production system. A nrmber of the

characteristics of the problem, some already mentioned,

provided constraints to the design in one form or another

and are listed below:

a. The problem space was potentially a large searc1-

soaca.

b. Potentially diverse sources of knowlede, not

only from the sersors, but also from the operator, kncwled e

about the environment, knowledee about sensor

characteristics, and knowledge from outside a-encies and

historical records tended to complicate the renresertattcn

of knowledge.

c. Error and variability. The possitle noise that

could corrupt system input has already beon alluded t(,.

d. An experimental approach was needed for syste,
development. It was anticipated that a need frr iteraticn
existed as additional information that impacted upon syster
became available.

e. Performance. For the purpose of the thosis,

efficiency in the sense of storaf7e utilization and

p,,rformace in the sense of the production of infcrr-ation in

a tirrely manner were larmell Ignored, since the Poal was to

investiiate and demonstrate a concept. It wa. felt, however,

that some sort of reasonatleness in terms of amount cf

coml)utatton should be Piven some considerition.
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f. !7ser interface. It was anticipated that durin; a
later stage of development a capability for the user to ask
questions about the decisions the system made would be
incorporated.

Given the above, the overall design of ar. integrated

production system was initially presentel as a thesis

proposal, and is presented as figure 3. Figure 4 represents

a conceptual dia-ram of the design of the production system

itself in its present configuration.

The concept of the blackboard for the representation

of the global data base was borrowed from tbhe FEARFA T

architecture directly. The blackboard is partitiored into

distinot information levels as depicted in figure 4. The

major units on the blackboard are hypotheses, a set of which

(at any given level) is an interpretation of a portion cf

the problem space at that level. Fypotheses, therefore, are

the primitive elements appropiate for representinp the

problem at that given level; each level becomes a different

representation of the problem space. It is interestin. to

note that, while the present representation of the solution

space as a set of hypotheses is a powerful rrechanisr, other

advantages also accrue. In the present system configuration,

many of the advantages of representinp, the solution spare as

sets of hypotheses are just bepinninp to be realized. For

example, it is possible to represent the "truth" of a

hypothesis conveniently through the use of certainty factors

[1.1. This element has just been irtrcduced at tha hii-hest
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levels that have been develcped to represent an ordering

S Of h:potheses byv truth vilue. This impies that conflictr.7

hypotheses fray exist concurrently on i Piver. level, an th-t

the truth value of each implies some Informa*11on a'tot th-e

leeree of conflict. Since a certainty factor nay te adjusted

dynamically as more information becones availatle, the

widest ranre of solutions is preserved for consideration.

Ither variations and orderi nes are possi te; further

exploitation is left tc future design efforts.

The decomposition of the problem space into levels is

a natural parallel to the decomposition of thr prFrarr's

knowledge into separate production rules [1]. Currently-,

the production rules need only concern the-,selves wi th ore

or two levels of information - the level beine operated

upon, and the level in which the result of the operation is

placed. Th,'is is nct, however, an irberent constraint in the

system design. It is possible, and probably will be-ore

nractical to make multi-level transfer. of irforraticr as

more inforvrAtion about the problem space is obtained. The

levels themselves form the hierarchical structure of the

problem, and may each conceptually be thou-ht cf as

separate, independent production systems that pacs

information between themselves. The previous disrussicn

concernine hierarchical systems is directly applicable to

the prototype system.

The proluction rules of the prototype syster ad here
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to the reneral strvctv re of a rle in a pure p:' cton

9 systeir. -h rules in the protctype syste a ro r

exclusively as preTise-action pairs. The prer"ise rart tt:" te

rule is reprpserted 'y a bcclean cornbinaticr. of citlt~c

to be verified against the information on the blacktoar!.

The action part of the rule is a !!pla series of actions to

be taken should the prerise part be vilidated. -e-ause cf

the nature of t e infcrration in t,.e -roblem s,:ace, ncoeve-,

substantiil deviations occur fros the si.rr. l e . .-- cf"  t e

ver1,ftcator. nd renpacerre :t of literls. c tyiC. rue

structure is rore on the order of a FE A SAY rJe, I ,ere 1

possibly su stantial roco sIn, is requir.red tc eva.--ua te to

left hand side of the rule, an! not one but severii i.ti.ns

ray result from the verifIcation of the lef t hand tle. The

rules themselves are orpanized by levels of in, r7atIcn cn

which the', operate, and have been kept _ ea ae ,

lrdeperde,', an! aronymous, whizh should assist in tre

riodifications to the system.

As ?has beer. noted, ruch of t-e structure cf a . ur=

production system has been retained in the develo;ment 7f

the prototype systeir, but nowhere is this mere ovic nt ttr.

it the control structure. In the prototype syster, as in a

pure production system, the rules are uncr ere . witnir a

Piven rule level. Fach rule has equal access to that zcrti-n

of the lackboard which all rules or, that level navp access

to. The one exception to this design standard which was



I-posPe on the lesign is the ondtIon that intralevel rules

-ust have priority to be scanned before any interleve!

rules. Thic was necessary to incure completeness of the

irformation level to be operated on before tryine to pass

information to another level. This deviation is not reearded

as serious since the same effect could have been achieved by

includin, another information level for each set of

intralevel rules. Processinf- in the correct order would ha':e

t'he been assured, but at the cost of a~din another,

larrely duplicate, level cf information. 1since the two

described methods were equlvilant com putatIonalIy, the

decision was made to conserve storage resources.

At rresent, the prccess 1re method is strictly bottcr

up, that is, forward chain ne is exclusively e!- D lotted.

Althoulh rot in inherent lesien constraint, the ioicil flcw

of the problem to date requires that all :roessin- te

comletod at a lower level before 7oviag tc the next hippr

level. Currentlvr, thic seems to be a nati:ral retresentation

of the prcble. space; as n,,; Infcrmation is added, hcwever,

this correspondence r:ay chanee. A charne of that tve can be

irccrpcrated with no modification required to the rule

han iler.

The rule handler Itself simply tests for the level to

be eIzcute'R upcn returr from a previnus level, and 4Ir-cts

control tn the newIy ideLtified level of processir.,. It is

possible. therefore, to cycle through the levols
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propressively (is is the case in the present conf.12raticni,

I r to jump between levels both in an upward and dcwnward

direction. As a eeneral condition, a rule which Liaces

information on a lower level or intralevel returns control

to that level, but as was previously mentioned, this is not

an inherent design constraint. This condition can easily be

amended or reversed, as true control is dependent sclely

upon the state of the blackboard. Control is thus very

flexible, and in accordance with the principles of a pure

production system.
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9 IV. IMPLEMENTATION'

A. GENEPAI

The implementation chapter is divided into four major

sections. This section discusses the prototype system's

general characteristics, the second discusses the structure

of the prototype system. The third section presents the

capabilities of the system in its present configuration,

while the fourth pives an Pxample cf one of' the producticn

rules of the system (a sample calculation usine t1e sarple

rule is also presented). This chapter is esigned to

familiarize the reader with the prozram struzture and

functions, and to provide the context in which the detailed

code may be analyzed.

The prototype system developed as a result of this thesis

was written in the C langua~e; the system source code is

contained in its entiraty in the detailed code. The -. rczrar

is designed to run under the UNIX operating system with the

standard I/O package. The source rode takes approximately

two hundred fifty-three thousand bytes embodied in five

thousand seven hundred lines of code. As evidenced :n th-

detailed code, however, the program Is heavily commented

which accounts for a lare share of the source codo size.

The object code itself takes approximately clrtv-twc
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thousand bytes. In its present confie-uration, the syster

contains 2e3 separate routines, in 19 separate files. T'e

prcram as a unit is capable of and does allocate and

deallocate storage dynamically so as to make the most

efficient use of available main storage.

B. PROGRAM STRUCTURE

The program in its present configuration is 5tructured

into five logical modules - the data generator, the .upport

routines, the "core" production system, the proerar- data

base, and the generator data base. Each of the rrodules is

detailed below.

The data generator -ay be logically broken down into two

submodules: the target list handler ani its associated

support routines, and the data generation submodule. The

target list handler is responsible for the formation and

upkeep of the target list (which contains the active tareets

for which data amay be Penerated and their characteristi5-s,,

and of providing information abcut the tareat list to the

user's terrinal or the line printer on user request. In its

present configuration, the target list handler is capable of

handlin, up to six different types of targets, coded and

classified as follows:
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type classification

I No target

1 Personnel

2 Wheeled vehicle

3 Tracked vehicle

4 Rotary winged aircraft

5 Fixed winged aircraft

6 Shock wave

The target list itself is stored as a series of five

one-dimensional arrays; a particular index serves to

identify that particular target's type, velocity in th XA

direction, velocity in the Y direction, location in the X

direction, and location in the Y direction. At the zresent

time, the target list handler is capable of har dling up to

ten different tarets simultaneously. At present. thp user

may add or delete a target, change a target's paramoters,

print the target list at his terminal, or write t e target

list to the line printer. The target list handler is user

friendly in the sense that it checks for common or toiinda-y

errors, reports the error to the user at his ter,inal if ore

occurred, and reprompts the user for the needed information.

The data generation submodule is responsible fcr

,eneratinp the sensor data that would be produced if actual

sensors were respondine to the targets in the target list in

real time. The eenerition submodule is also responsible for

writing the data generated to a permanent file fcr later
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call and use by the executive routine of the main prc,rar.

The data Is generated by comparing target an senscr

locations, and the sensor activation radius for that

particular type of target. If the target is within range of

the sensor and the sensor is able to activate, then an

activation is generated for the sensor. Activation data is

stored as a series of bytes, one set of bytes per sensor

track (a track is defined as a channel required exclusively

by a sensor to report information). Tach byte of data

contains six bits of information; the first bit of a data
I

byte is used for control purposes, and the last bit of the

byte is always set at zero to prevent sien extension for

storage and control purposes. The number of bytes (a set,

per sensor track is dependent upon the time window (the

length of the simulation period) and the number of

iterations per unit time. At present, each byte of

information represents six-tenths of a second; the

simulation of a simulation period is thirty seconds.

The data generator at present is a pure Pereratcr in

that any target activations that are allowable are

faithfully recorded. This is in tontrast with real world

data generation in that real world generation would be

complicated by randor noise, uneven sensor detection radii

because of soil and atmospheric conditions, etc. "Pure" data

Peneration thus simplifies the problem; this was cons idered

appropiate at this point in thp effort. The present
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configuration P'enerates data for the MINISIr (in the seismic

only mode) type of sensor only (the sensor was previcusly

identified in Chapter II), but the structure of the

Renerator makes it easily expandable when it becomes

desirable to add other types or configurations of sensors.

As a final note, the data generator contains a linked list

structure, the use of which is hidden from the user. The

nodes of this structure contain additional information about

the sensor tracks and link the sensor to its particular data

track(s). The routines of the data generator are grouped

into a single file to permit easy removal should actual

input from real ground sensors become available.

The support routines perform heavily used primitive

functions (such as getting a one character, a floating

p point, or an integer response from the user) and as such may

easily be modified to suit the medium of the response. The

support routines also include list primitive functions for

the linked lists used in the program, and user query

routines for inputtinr information into the pro-ram. The

list Drimitive functions consist primarily of insert and

delete routines for a node for every type of linked list

used by the program (there are currently twenty-two

different types of linked lists), and write-to-printer

routines for every type of linked list. The write-to-Drinter

routines allow the system developer to dump lists as

required for prorram debuegina and validity checkine, and
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are available each program cycle. The final class of support

I routines handle user queries, give the user the ability to

add information into the system, change information already

present, or delete information from the system. At present,

the only routines actually implemented allow the user tc add

sensors into the system. These routines establish the

conditions necessary to aurment the system structure with

the new sensor automatically, or prompt the user for the

information required to establish the necessary links. Like

the data renerator, these routines are user friendly.

The core production rule system is the heart of the

prototype system, and consists of the executive routine, the

rule handler, and the production r1iles themselves. The

executive routine operates in a cyclical manner, ari is

responsible for controlling all of the other routines of the

program in a direct or an indirect manrer. The raicr

responsibilities of the executive routine are to cause a

response to user queries or to cause acceptance of user

input or requests, to cause the sensor data to b.e generated,

to cause the sensor data to be read in from the data file,

and to cause the data to be processed by the rule handler.

If the user inputs the stopping condition into the program,

then the executive routine causes the necessary cleanup and

termination routines to occur before stopping program

execution.
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'he rule handler processes the sensor information by

invoking the various levels of production rules in the order

required. The rule handler directs control to the production

rule level of the indicator it receives; the level to be

processed is thus dependent upon the state of the production

rules which in turn are dependent upon the state of the

blackboard at any given moment. In this manner, cortrol is

decentralized, and the spirit of the control structure of a

knowledge-based production system (i.e. no explicit control

structure at all) is preserved. After the highest production

rule level has been invoked (i.e. that grout of prcducticn

rules which produce information on the highest level of the

blackboard) the level handler returns control to the

executive routine.

Production rules are organized by the level of

information that they operate on (for examnple, prem ise

inforration for production rules that is found on level

three classify these rules as level thrpe production rules,.

.ach production rule is a separate routine, and as such. Is

completely independent of all of the other production rules.

The premise part of each production rule is executed in Its

turn, and if found to be true, the action part of the rule

is executed. Pules are executed in the sequence that they

appear in a level, but this orderine is not at all Important

except as already noted in Chapter II.
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Special control structures that would order the manner in

which production rules are scanned have not teen

implementee.

The elobal data base contains the data structures and the

pro'ram variables that comprise the blackboard. With tre

exception of program constants and declared external

variables (such as the system clock), all blackboard

information is represented as linked lists, and rives rise

to the structure detailed in fipure 4. The types of nodes

that comprise these lists and the information that they

contain are detailed in the program code. It is important to

note that some of the lists are level-specific; these lists

represent the particular levels of information depicted in

fi ure 4, and are penerally tire ordered in arran.,erent.

Other lists, such as those that contain information about

individual sensors, sensor arravs, and sensor fields are

common (shared' by all the levels cf inforration and ray

be thought of as beine included on every level's

"accessible" blackboard (that part of the blackboard whic

is able to be accessed by a particular level of production

rules). Many of the propram, constants establish propram

constraints and operatinp characteristics; for example,

NPER'AAP, a proiram constant defined on line 34 of the file

p.mver.c in the program code, defines the maximum nutber of

units per bit map, which by default is the maximum rumber of

sensors allowed per array, arrays per field, and sr fcrth.
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This arrangement allows easy access to important proeram

parameters, should change be desired.

The zenerator data base contains proraim variables and

data structures peculiar to the data generator. These are

, rouped topether so as to perrrit easy removal should the

data gpnerator be removed. Any routines that reference data

penerator variables in the main program are specially marked

by bracketing lines of a slash followed by 2e asterisks

followed by another 5lash (such as the "eenerate data" call

in the main progran on line 22 of the file grnsensr.c in the

program code) for easy identification.

C. PROGRAM CAPABILITIFS

The major program capabilities or prograrm cperating

constraints (some of which have already been described) are

summarized below:

1. The data Peneratcr is capable of icceptln and actine
upon a maximum of ten targets simultaneously.

2. The program reroonizes six distinct taret tvpes
(plus a classification of no target" - type e).

3. A "time window", or span of time that a eiven ensor
data set spans is currently set at thirty seconds.

4. The raximum allowable number of sensors per array,
arrays por field, and fields is sixteen.

5. The rule basp Is currently structured to evaluate
sensor data only from sensors in a trail array
confiruration. Input will b? accepted fror sensors lo-at-d
in an area array, but will nut be processed.
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6. The data generator is presently capable of generatirg
(and the pro.?ram is capable of processinal data from the
M INISID (in the seismic only confiuration) type of sensor.

7. The user is presently able to add or delete targets,
change target parameters,or print the tareet list if he so
desires every processing period.

8. The user is capable of writin., any linked list to the
line printer, inputting sensors into the system
configuration, or settin, the proram stopping condition if
he so desires every processing period.

9. The program is capable of generating up to and
includinp applicable classification hypotheses (information
level 5) for each event hypothesis (information level 4),
less target count, target direction, and target length
(implementation of these routines are larpely mechanicral and
are considered a simple extension to the program's present
capability). These classifications are based solely upcn t.e
types of sensors "available to the system in its present
configuration, length (these functions are largely
rrechanical in nature and are considered simple extensions to
the present program capability). These classifications are
tased

t. SAMPLE RUIF AND COFMPUTATICN

An examnle rule is given below to give the reader a feel

for the type and structure of the production rules inzlided

in the program (the rule is typical of those in the nrcgram

In the sense of structure and function). A com'plete li

of the rules in their english language and their coded forms

may be found in Appendix A and the detailed code.

respectivelv. An example computation, utilizing the exarte

rule, is presented as figures 5 and 6 to allow the reader to

observe the manner in which the prograr (specifically the

rules) functions. Where necessary, required systr
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conditions and data structures are considered to have been

already been established for the purpose of this example.

The structures of the nodes in the example, althouph

simplified, are similiar to the structures of the actual

propram nodes.

For the example presented, a "standard" situation was

established for presentation. The standard situation

consists of:

1. A trail array ccnsisting of three MINISID sensors (in
the seismic only config-uration) deployed alon? a trail.

2. Equal spacing of' five hundred meters between sensors.

3. The standard system parameters assigned to the
sensors (ten second inhibit time, a detection radius cf five
hundred meters for the given type target, a maximrum expected
velocity for the target given of seventeen meters/second., a
minimum expected velocity of two meters/second, an average
expected velocity of nine point five meters/second, ard
standard activation settings - active, not hypersensitive)

4. A sinple target, type tracked vehicle, initially
located one hundred meters beyond the first s nscr's
detection radius, and travellinp at the constant speed cf
ten meters/second parallel to (over) the sensor strin-.

The sample rule, listed below, is a production rule of

the prototype system that operates on information on level

two, and puts the result of its processing on level three. A

description of the rule is as follows:

1213ri:

IF a sensor is a Class III detection-only type
sensor AND if it has filtered data in this tir'e
period, the sum of which may extend beyond this
time period, ANA a valid set does not exist for
this set of filtered eata

TREN define a valid set" for the sensor, ir.srt t e
new valid set in the sensor's valid set list,
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fa2culate the time of the cenroId. of tbe valid
set, mark the valid set incomplete", set the
valId set update time to t':e present time, and set
the valid set type to new

In the samp le calculation, at t!me equal to thirty

seconds (which is the length of the simulation periol for

data generation, and by default is the processint" interval

of the rule set), the tareet previously described in the

standard" test situation has roved well withirn the

detection radius of sensor one, but is still o%t c f the

detection radii of sensors two an three. The target in fact

proved within rar.e of sensor one and was detectatle at ti-e

equal to ten. An activation was thermfore caused at ti!-e

equal to ten. Since the sensors have an inhibit time of ten

seconds, senscr one is not able to activate a ,ain Lntil tie

equals twentr, which it does, as the targmt is still within

its detection radius. Siriliarly, an activation for sensor

ore is cause! at time equals thirty. This is tte statp cf

t~e data b-se known tc rule I?13r1 when Its prerise

conditions are scanned, and is reflected in fii,1re .Te

premrise conditions are found to be true, and the actiCn Dart

o' th rule is executed. The result is shown in figure a.
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V. rISCUSSICN CF PE5UiTn

A. OVERVIEW

This chapter is troken down into two sections: the

section concerninp testlnp of the system, and the section

concerning- the results obtained because cf that testine. In

the section concerni, systerr testin,, the method cf testing

is described, and test situations utilized to perforr-ance

test the system are describad. In the results sectic-, the

results of the perfor-'ance tests conducted are detailed.

B. TESTIN t OF THF PROTOTTPE PR.DL':TICN SYSTEZ

Testine of the prototype kncwledpe-baced ;roduction

system may be lopically separated into two d1st1n* t areas:

validation testing, and performance tpstin .

1. Valtiation Testinz

Validation testing concerned the testine cf a1 the

loeical components of the prototype syste- to verify that

they performed as expected (i.e. that not only were results

produced in a controlled situation, but that the results

were the ones anticipated). This classification of testing

was essentially exhaustive in nature - eaih main data Path

in each module was tested to insure that the reszilts
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obtained by exercisini, that data path were th- results

expected. Testing was conducted in a bottom-up fashion,

startine with the primitive routines of the syste and

proceedin- through the system support routines, the pro-ram

modules themselves, the interface between modules, and

finally the system itself from the lowest level of

processing to the highest. Testing was conducted in an

iterative manner - when te~tinz of a given level revealed a

structural flaw in a lower level, testing reverted to that

lower level upon ccrrecticn of the flaw. In this manner,

undesirable side effects caused by making chanpes at lower

program levels without investigatinp the effects of those

changes were eliminated. As mav be surmised, this testing

effort consumed much of the time originally alloted for

overall testing of the system. As a result, the dezree of

system development and performance were sinificantlI

reduced. A teneficial side effect is that there is a fa!r

degree of confidence in the limited results produced yv

performance testinz; it is felt that the results of the

performance testinp actually conducted reflect the present

state of system development and expertise.

2. Performance Testing

Performance testing was conducted through the u:e cf

standard" sensor scenarios. These scenarios were prcviI4e

by a arine Corps officer here at the Naval Fosteradate
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School, Captain Charles Dublin. Cantain r ub in had

9 previously been connected with the 'arine Corps ?rcund

sensor Drozram in the capacity of a SCAMP platoon corrander,
and was familiar with sensor operations. Captain ublin,

provided with the prototype system's knowledge carabilities

and system limitations, detailed two "standard" scenarios

that would exercise the proFram's capabilities, and perhaps

reflect the nrogramr's limitations. These two scenarios ray

be -ouzhly divided into two different classes of problems: a

sinzle target scenario, involvine one sensor trail array,

and a multiple tarzet, single type, single direction

scenario. These scenarios or their derivatives were used as

a basis for all performance tecsti.n conducted, and are

presented as follows:

a. Scenario Number One

Scenario number one consists of a single trail

array composed exclusively of five tINISI r  sensors in t:he

seismic only configuraticn, spaced at unequal intervals

(later selected to be four hundred, five hundred fifty,

three hundred, and seven hundred meters, respnctivp!y) tc

provide overlappinp and non-overlapping detection radius

coverae. Planning detection radii (meters), minir-ur,

averape, and maximum target velocities (meters/second) were

left at the system default conditions for the system, and

are presented, by type, as follows:
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Target type min vel avg vel max vel det rad
Personnel .5 1.5 3. .

Wheel veh 2.0 14.0 26.0 100.0

Track veh 2.0 9.5 17.e 5U.0

R/W A/C 20.0 60. 100.0 550.0

F/W A/C 90.0 17e.0 250.0 700.0

Shk wave 350.0 35e.0 350.0 95k.e

The inhibit time for each sensor was the system default (ten

seconds for all sensors). All sensors were considered active

and functionlng normally. The target chosen was a tracked

vehicle with a constant speed of ten meters/second,

initially placed one hundred meters beyond the detection

radius of the first sensor it was to encounter. The

direction of travel for the target was parallel (over) the

sensor strine, passinm through the detection radius of each

sensor in Its turn.

b. Scenario Number Two

The sensor array confieuration, the sensor

spacinR, and the sensor operational characteristics are

identical to those presented in Scenario number one. The

target, however, was chanted to a column of four wheeled

vehicles, all travelling at a constant speed of thirteen

meters/second. As in Scenario number one, the direction of

travel is parallel to (over) the sensor array. kll vehicles

are equally spaced initially; a distance of one hundred

fifty meters is maintained between vehicles. As in Scenario
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number one, the lead vehicle is initially placed one hundred

9 etprs beyord the ietection radius of the first sersor

encountered.

C. PEFORFANC.B TEST P2SUITS

The test of the system using Scenario number one revealed

that the system correctly identified the target as a tracked

vehicle with a certainty factor of .F'7C, and a final

reccrded velocity of 10.2 meters/second. An alternate

classification, that of a wheeled vehicle with a certainty

factor of .1923 was also established by the system. A

detailed time period Iy time period analyrsis of syvctem

hypotheses revealed that the system had early on ccnsidered

as many as three target classification types, but as rcre

information became available to the system (in the form cf

input from all the sensors in the array and fro- more

completo activaticn sets from each sensor) the 5vs t ,

narrowed its choices of classification to the two fi nal

target types described, and adjusted the certainty; fctcrs

accordinp-ly with the increasing amount of information.

The results of the multiple target scenario were not as

clearcut. The system correctly identified the type of tar.-et

with a certainty factor of .72-r and a velocit; of i .X

meters/second, but only identified one target instead of t.-

four actuallyi present. The other classification produced was
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an alternate (comrpetinp) classification; it was that of a

tracked vehicle with a certainty factor of .275. Upon closer

inspection of the system intermediate operations and

classifications, it was discovered that the combination of

target speed and separation distance produced overlap - that

Is, a trailine vehicle would enter a sensor's detection

range before the preceding vehicle had a chance to exit that

same sensor's detection range. This resulted in spilla,e of

one alarm set into another, a condition that the system in

its present confieuration is not equpped to handle. In this

case, lacking information to the contrary, the system had no

choice other than to consider each sensor activation set as

continuous, and hence resulting from one tarpet.

D. CONCURRENT TESTING

The above two tests were by no means the only tests

conducted on the system; they are presented as a

representative sample of the type of tests conducted and the

nature of the results obtained. One objective of the thesis

effort, already mentioned, was to demonstrate that knowledge

could be added to the system in an incremental manner. This

was accomplished in part by the modification or replacement

of several of the system's rules to reflect a small increase

in the knowledge base of the system. A representative

axarvPle is the elimination of rule ll12rO and Its
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replacement by 1112rl, both of which are detailed In

Appendices A and 3 in their enlish lan,.age and cded

forms, respectively. In the original rule base of the

system, of which 1112rO is a part, all sensor activations

are considered to be valid as received - vagaries in sensor

performance characteristics are ienored. In this manner, all

sensor activations are received and passed directly into the

system data base for further processing; the sensor status

remains unaffected whether a sensor is performina properly

or not. Sensors do behave erratically on occasion, however;

if an erratic sensor is allowed to influence an onroln-

classification then a skewed or an erroneous classification

will result. The replacement of 1112rO by 1l12rl was

designed to add some additional information into the system

concerning the detection of a sensor in a hyperspnsitive

condition (defined as the condition that results when a

sensor becomes hyperactive and transmits activations whether

a target is present or not). With the a ditional

information, the system successfully identified and

eliminated from consideration a sensor that was forced to

become hypersensitive (through the simple mechanism of

placing a target with zero velocity directly on top of tte

sensor). This represented a previous ir-provement over a

previous test in which the system included the

malfunctionine sensor in the classification -ilculations,

thus generating a false classification. It is sufficient to
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note that, ilthouph this represents an improvemrent in syStem'

knowled.-e in that area, it by no means represents Derfect

Irforirticn in that area. A sensor that chose to malfuncticn

In the middle of a classification formation invariably

skewed the result. More complete information, perhaps

causinp any classification to be redone when the condition

is finally identified, seerrs to be a reasonable approach.

72

...............................



V1. CONCLUSIONS AND RECOYMENDA]TIONS

A. CONCLUTSIONS

From the limited testing conducted, and the limited

nature of the subset of the problem space that was chosen

for Investigation, it was difficult to draw any sweepinp

conclusions concerning the applicability of a

knowledee-based production to this class of problems. The

fact remains, however, that in the limited time available

and with limited resources, a production system that

performed reasonably over a small subset Cf tne prcb.em ara

was developed. it appears to be feasible to apprcach the

problem of analyzing and -orrelating ,round senscr

information through the utilization of a knowledee-based

production system. No claim is made conrerning the

optimality or even continued feasibility of representinp the

data space of the ground sensor problem in the manner

described in this thesis; it is reo.nized that this attempt

at solution may bear little resemblance to an operational

production system, should one ever be implemented in this

particular area. Given all the caveats above, however, it

seems reasonable tc assert that knowledge-tised producticn

systems offer a possible means of solution to this protler

area that ought to be explored.
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Even in such a liurited effort, the advantages and the

potential of a knowledge-based productlcn system were

apparent. The potential adaptability of the control

structure allowed a tremendous flexibility in the prototype

design, even at the present level of development.

Circumstances can already be forseen where multilevel

transfer of information will be desirable (as In the

addition of the capability to process Inf orrraticn from

classification types of sersors, which should provile direct

confirminp classification information from basic, data level

input) thus bypassing- several intermediate levels of

processin.. A chane of that magnitude in a correspondin

algorithmic technique would potentially be difficult ard

mizht even force in a complete redefinition of the probleir

or a major program restructurine:. In the ;rototype

production system developed, however, no chance at all is

required in the control structure to allow for the

processing of that new form of information. A unified data

base, vroperly represented, will allow the user to

eventually query the system as to the reasoning for system,

deductions made, and will allow the system to respond in an

understandable and a useful manne-. The plotal availability

of the data base also ma'es ir.troductlcn of reta-rules

possible to establish a uniform control ctructure to

establish the order in which production rules cn any PIvor

level are considered for evaluation. Representin" knowlpi.'e
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about the problem space in the form of production rules

allcwed an incremental approach to the level oO ccmnEtence

achieved by the system. it became apparent early on that

representing information as independent, modular "chunks" of

knowledee facilitated the initial establishment and testin-m

of, and the later augmentation of, system knowledge as

presently embodied in the prototype system.

The last, and perhaps the most important advantape of all

accrued by structuring the problem in terms of a

knowledge-based production system was the ability of the

system to conveniently represent and process competing

hypotheses simultaneously. In the present systpm

configuration, with its relatively simnle classification

scheme (based solely on the difference between the measured

average velocity at a eiven time and the the median expected

velocity for a Piven class of tarpget), this ability is not

critically important. As knowledoge Is added to the syste7-,

however, both ir differin, form and in increased srope, this

capability will almost certainly assume a ireater

importance. SImply expressed, different nypcthesps at any

riven level of program knowlede'e representation expresses

the sum total of what the system knows about the uroblpr

state at any eiven mor-ent. Since the system is sensitive tc

any cha nrP in the state of the world withir tho sopr cf a

sinple cycle, and since that change will be iredliately

reflected in a chance to one or more h:;potheses, the ucer ic
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potent!a'l, kept informed of even the sliptest change in

the environment in which the system is operating-. It mIrst te

noted that any other representation of system information

has the potential of hiding important information from the

user. The representation cf the system state as a series cf

competing hypotheses is thus a very powerful means of the

represpntatior of system information.

The diSadvantages and uncertainties of the prototype

production system developed rust also be reported, however,

as they reflect upon the applicability. "cost . and the

limitations of knowledge-based production systems as they

apply to this type of problem area. As indicate! by the

fIgures given previously, the cost in terms cf storage

utilization for the prototype syster- is relatively Iar .

Given the small number of production rules supported at

present, this cost at first seems inordinate. Allusion has

already been made tc the amount of duplicity that is fcund

in the coded production rules; a price is certainly Dail to

,euarantee rule independence. This disadvantage s1lould be

tempered by the realization that the choi-e of lan.-uape rade

to Implement the system was definitely not an optimal one,

and in fact nay ccntribute tc this problem to a siprificant

degree. As the system design progressed, it became apparent

that the majority of primitive operations that the systom

performed were of the list processini- nature. A IIst

processine larnuage (a Pood example of i larmrapp
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specificallv desiened to process lists is LISP) would

probably have represented a better choice cf an

implementation lanzuaee. ,Nevertheless, one of the

disadvantages to keeping Infcrmation chunks indetenldent is

that some rules are duplicative in nature, and if the size

of the rules are lare in general, the storage cost will be

high.

The -nost serious disadvantage, it was felt, was the lack

of a degree of confidence that the renresentati cn of

knowledge (as represented by the form of the data base and

the production rules) was adequate in nature. The

representation of knowlede is diverse and hotly debated

tcpic, there is very little in the way of guidelines or how

to adequately represent kncwledee in any domain. There is no

assurance that any further advancement in th :rP t oty=e

production system developed will not lead to disaster In

terms of reDresentin, the classes of information that u-:

be considered to adequately represent the prcblem s~acc.

This lack of assurance is common to an aliorithmic apzrcach

,%so, perhaps even tc a much greater degree, since cn sallI

chanee has the potential of collapsin the entire control

structure of tuch a system. The realization that "adequacy"

of the strc ture of information representation is not

demonstrable in any known sense (even given the inherert

flexibility of the control structu.re) is sorewhat

disquietinr. At present, it cannot te demonstrated that the
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approach presented in this desipn effort offers the

necessary flexibility to overcome major conzeptual chareec.

B. RECOMMENDATIONS

In regards to the prototype system developed, it see-s

desirable to continue the development effort. Althouzh a new

generation of sensors is being developed [REr-'2ASS] , and

various techniques are beine explored that classify targets

at great rarges [NOSC], the basic problem of correlation of

that information, once recieved from whatever means, in a

useful and timely manner remains. Certainly, further

development and expansion of the prototype syster leve.ored

as a result of this thesis is encouraged. much Information

about the problem space was derived frorr this effort to

implement a simple system. Iuch of the processini required

on the lower levels of the problem, which at first s-er-Pd

uncorplicated in nature, actually required seoe rather

complex primitive actions to be taken. Continued develcpent

of the system presented will almost certainl,, produ-ce

further insight as to the nature of the problem space, an!

the knowledge and processing required to represent and

produce soluticns in the problem space.

As may be inferred from the forepoinp discussion, it is

felt that the application of kr cwledg-e-based produc icc

systems offer distinct advantares in this and other relted
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problem areas. The inherent flexi-ilit, of the contrc"

system and the independent nature of rules in t'e :ule base

lend themselves to the incremental approach to a solution ?f

this class of problem. Certainly, as more (an terrrs of

quantity) and diverse (in terms of potential sources'

armounts and types of information become available to the

military cormand structure at every level, the requirement

for a hihly adaptive control structure to process and

correlate that information received will only increase.

while the time allotted for the system to perforr thcse

tasks (whether the system be composed of rachines or human

beings) will surely decrease as faster response times are

demanded. Because more will be demanded, more will be

expected, and in an increasingly shorter time frame. it

therefore behooves those who allocate the resources for this

capacity to allocate the available resources in an oD~imai

fashion. Kno-_ldoe-based production systems seer, to offer a

viable method of neetinF this challenre, especially as

processing hardware becomes less expensive, while ..u7an

resources become more expensive. Further research and

investieatinr into this area of research is therefore

certainly warranted.
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Example Sensor Readout

I '

6 18 '10) j12 '14;
9 9 9 9
9 9 I
I I 9

I I I I 9

I I I

I ~ 9
9 9 9 9 9

9 9 9
9 9 I 9

9 1

I 9 I I
I I I 9
II ~9 I

9 9 *

* I I 9 9 9
I I I

I 9

I I 9 .1
I I II 9 I I
I 1 a 9 I

9 I-

5' 7 'I~' '119 13'

__ __ 9

I I 9- I-I ____________

I 9 99 g

I 9
I i 9

9 9 I

9 9 9 9 I I
I 9

9 9 9 9

' I 9 9 g
9 -I'*----'

I I

I 9 I I
I I I

9 9
I I 9 9

9 I I
9 9 I I

9 9 9 9 9

9 I I I
9 9 9 I 9 9

9 9 I
9 a 9 II 9 9 9 9 9

I I I 9

I I I 9 ___________

__________ _____________________________ 
9

Figure 1
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t Processing Methods

Forward Chaining

Hypothesis Data

Direction of Processing

Backward Chaining

Hypothesis Data

Direction of Processing

Figure 2
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9 Overall System Design

Operating Secondary External

System Storage Data

Interface Interface Interface

Rule Production
IEBlackboard

Handler Rules

User

(Graphics) 
Sensors

Figure 3
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Production System Levels

Level

8 [Filtered Multiple Event Hypotheses ]

7 [Multiple Event Hypotheses

6 Filtered Classification Hypotheses

5 Classification Hypotheses

4 [Event Hypotheses
3 (Valid Setsj

2 Filtered Data

1 New Sensor Parameters

0 Sensor Data /Sensor Parameters

Figure 4
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9
System Configuration Before Activation

Array
1

Head

I Filtered Data ListSe so

~Figure 
5
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t System Configuration After Activation

Array

1
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